ABSTRACT A full-bridge LLC resonant converter with series-parallel connected transformers for an onboard battery charger of electric vehicles is proposed, which can realize zero voltage switching turn-on of power switches and zero current switching turn-off of rectifier diodes. In this converter, two same small transformers are employed instead of the single transformer in the traditional LLC resonant converter. The primary windings of these two transformers are series-connected to obtain equal primary current, while the secondary windings are parallel-connected to be provided with the same secondary voltage, so the power can be automatically balanced. Series-connection can reduce the turns of primary windings. Parallel-connection can reduce the current stress of the secondary windings and the conduction loss of rectifier diodes. Compared with the traditional LLC resonant converter with single transformer under same power level, the smaller low-profile cores can be used to reduce the transformers loss and improve heat dissipation. In this paper, the operating principle, steady state analysis, and design of the proposed converter are described, simulation and experimental prototype of the proposed LLC converter is established to verify the effectiveness of the proposed converter.
I. INTRODUCTION
Recently, there is a growing interest in electric vehicles (EV) because of the support of national policies and the threat of fossil fuel depletion, and the demand for on-board chargers is increasing rapidly [1] , [2] . Small size, high efficiency and high reliability are common standards for evaluating the high-performance charger. In general, an EV battery charger is composed of two conversion stages as shown in Fig. 1 , the first one is an AC/DC converter with PFC and the second one is an isolated DC/DC converter with wide voltage output for EV battery [3] - [8] , the most common isolated DC/DC converters are the phase-shifted full-bridge (PSFB) converter and LLC resonant converter. High frequency soft-switching technology is often applied to the PSFB converter and LLC resonant converter for high efficiency and high power density. The output voltage of the PSFB converter can be regulated by using phase-shift control in a wide voltage range, but it is hard to realize ZVS for the lagging leg switches in light loads condition and there are the problem of duty cycle losses of secondary side [9] , [10] . In contrast with PSFB converter, ZVS turn-on of all power switches and ZCS turnoff of all rectifier diodes can be realized in LLC resonant converter with higher efficiency [11] - [15] , which makes LLC resonant converter more appropriate for electric vehicle onboard charger.
With the increase in the power level of the converter, power density decreases as transformer volume increases, the problem of heat dissipation also becomes increasingly serious, so some researchers proposed the topologies with two transformers substituting for single transformer. A flyback converter employing two transformers was proposed to implement a low-profile design [16] . The merits of the conventional single-transformer circuit are maintained, besides the transformer copper loss and the diode conduction loss are decreased by utilizing two separate transformers. These converters with two transformers series-parallel connected were presented in [17] and [18] , the current stresses on transformer windings and copper losses are reduced by connecting the primary windings in parallel, while the secondary windings of two transformers are series-connected to reduce the winding turns and divide the output power equally. A half-bridge LLC resonant converter with two transformers parallel-series connected was proposed in [19] , it is beneficial to improve the power density with using two small transformers instead of single large transformer. But the halfbridge structure is not suitable for high input voltage and high power applications. Similar to the converter in [19] , a fullbridge LLC resonant converter with parallel-series connected transformers is proposed in [20] , this structure is also beneficial to increase the power density and suitable for high input voltage and high power applications, but these converters with two transformers parallel-series connected have the imbalance problem of voltage caused by the transformer parameters inconsistency. A LLC resonant converter with double transformer series-parallel connection structure was proposed in [21] and [22] , two transformers are used to reduce the power rating and the volume of each transformer core, and then the core loss can be decreased. Furthermore, heat generated from the core losses can also be shared evenly between two transformers, which is helpful to improve the heat dissipation and reliability. But the center-tapped winding structure is complex which leads to low utilization of the transformer cores. In addition, the voltage stress on the switches and the rectifier diodes is too high to be suitable for high-output-voltage and high-power applications.
In order to meet the application characteristics of electric vehicles charger with wide range of output voltage, high power rating, high efficiency and high reliability, a full-bridge LLC resonant converter with two small size transformers is proposed. On the primary side, the transformers are connected in series to obtain same primary current, while on the secondary side, they are connected in parallel to be provided with equal secondary voltage, so the power can be automatically balanced between two transformers. Two parallel fullbridge rectifier modules are utilized on the secondary side accordingly.
With this structure, we can get some advantages. Firstly, the copper loss can be decreased by reducing the turns of primary windings. Then, the conduction loss of rectifier diodes can be reduced because of the parallel-connection of the transformers on the secondary side which can reduce the current stress of rectifier diodes. Finally, the total power is shared equally between two transformers, and the height and volume of each core are reduced, so the heat dissipation and reliability are improved, which is of great practical significance in engineering applications, especially for highpower applications. Besides, the proposed converter has the same advantages as the LLC resonant converter with single transformer. All these advantages make the proposed LLC converter suitable for on-board charger applications. This paper is organized as follows. In Section II, the circuit configuration and operation principle analysis of the proposed LLC converter are given. In Section III, the steadystate analysis of the converter is discussed. In Section IV, the charging profile, parameter design and loss analysis of the LLC converter are illustrated. The simulation and experimental results are given to prove the effectiveness of the proposed converter in Section V. Finally, some conclusions are drawn in Section VI.
II. CIRCUIT CONFIGURATION AND OPERATION PRINCIPLE
The configuration of the proposed full-bridge LLC resonant converter is shown in Fig. 2 , which consists of the switching network, the resonant tank, the output rectifier-filter circuit. The switching network consists of switches S 1 -S 4 , with their parasitic anti-paralleled diodes D ds1 -D ds4 and parasitic capacitances C ds1 -C ds4 . The resonant tank is composed of a resonant inductor L r , two magnetizing inductors L m1 and L m2 , a resonant capacitor C r .T 1 and T 2 are two same isolated transformers with turns ratio n 1 = n 2 , L r is the total primary leakage inductance of T 1 and T 2 . The output-rectifierfilter circuit includes the rectifier diode To simplify the analysis, it is assumed that both of the transformers are with the same magnetizing inductances and turns ratio, that means L m1 = L m2 and turns ratio n 1 = n 2 = n, four switches are identical that the parasitic capacitances The output voltage V o varies with the switching frequency f r of the LLC resonant converter. When the energy transfers from the primary side to the secondary side of transformers, the magnetizing inductors L m1 and L m2 are clamped, resonance occurs between L r and C r , with the resonance frequency f r .
If there is no energy transferred to the secondary side, the load will be supplied by discharging the output capacitor C o , and resonance will occur in L r , C r , L m1 and L m2 , the second resonant frequency is f m
Pulse Frequency Modulation (PFM) is employed to regulate the output voltage of the proposed LLC resonant converter. The switching network turns on and off with 50% duty cycle at switching frequency f s . When f m < f s < f r , the circuit has 8 operation states in one cycle, the key waveforms of the proposed converter are shown in Fig.3 , the topological equivalent circuits are given in Fig.4 .
Mode 1(t 0 -t 1 ): Before t 0 , S 1 , S 2 , S 3 and S 4 are turned off. At t = t 0 , D ds1 and D ds4 conduct, the drain-source voltages of S 1 , S 4 decrease from V dc to zero, which provides the conditions for ZVS turn-on. In this mode, the energy is transmitted from the primary side of transformers to the secondary side, resonance occurs between L r and C r , D 1 
and L r , C ds2 and C ds3 are charged through resonant current i Lr while C ds1 and C ds4 discharged. At t 8 , the voltages of C ds2 and C ds3 rise to V dc , the voltages of C ds1 and C ds4 drop to zero.
III. STEADY-STATE ANALYSIS OF THE PROPOSED LLC CONVERTER
The equivalent circuit of the proposed LLC converter is built by adopting first harmonic approximation (FHA) method [23] in Fig.5 . Assuming that turns ratio of transformers T 1 and T 2 are defined as ac equivalent resistance are defined as R ac1 = R ac2 = R eq 2.V o and I o denotes the output voltage and current respectively, the battery pack can be treated as a resistive load
The ac equivalent resistance of R o can be derived as R ac1 = R ac2 = 16n 2 R o π 2 , the series equivalent resistance R eq = R ac1 + R ac2 = 32n 2 R o π 2 .
A square-wave voltage as the input voltage v if to the resonant tank is generated by the switching network.
Based on Fourier analysis, v if (t) can be expressed as
The fundamental component of v if (t) is v if 1 . The voltage of ac equivalent resistance is derived as v ac = (4nV o π ) sin(2π f s t − φ), where ϕ is the initial phase difference between resonant current and voltage.
According to the equivalent circuit shown in Fig. 5 , the ac gain and input impedance of the circuit can be derived as equation (5) and (6) respectively.
Further, the dc voltage gain can be derived as
Where the quality factor Q is defined to be the ratio between the characteristic impedance Z r and the series equivalent resistance R eq , that is Q = Z r R eq = L r C r R eq . The inductance coefficient is the ratio between magnetizing inductance and resonant inductance, that is k = L m L r . The normalized frequency f n is the ratio between switching frequency and resonant frequency, that is f n = f s f r .
When R eq → ∞, Q = 0, the no-load voltage gain is derived as
From (8), when f n → ∞, the minimum gain can be obtained as
The normalized input impedance of the resonant tank is as follows,
By imposing the imaginary part of equation (9), the boundary condition between capacitive and inductive mode can be found as follows, 
From (7), it is known that the dc voltage gain is related to f n , Q and k. To analyze the effect of Q and k on dc voltage gain, the effects of Q and k on the dc voltage gain can be discussed by using control variable method, the voltage gain curve is plotted by MATLAB. A family of plots of the voltage gain versus normalized frequency for different values of Q, with k = 10 is shown in Fig. 6 . A family of plots of the voltage gain versus normalized frequency for different values of k, with Q = 0.26 is shown in Fig. 7 .
Based on (11), the borderline of ZVS/ZCS can be plotted in Fig. 6 . when f n < 1, the equivalent impedance of the resonant tank is capacitive in region 1 but inductive in region 2. When f n > 1, the equivalent impedance is inductive in region 3. This equivalent impedance condition determines the ZVS or ZCS operation of the converter, ZCS is realized in region 1,while ZVS is realized in region 2 and 3.
Changing Q under a fixed k as shown in Fig. 6 , the voltage gain increases firstly and then decreases with the increase of the normalized frequency. Specially, when f n = 1, the dc voltage gain maintains at 1 no matter how the load changes. The larger Q is, the smaller peak of voltage gain is, and the narrower output voltage range is. However, the adjustable range of frequency of the LLC converter becomes narrower when Q is small.
As shown in Fig.7 , changing k under a fixed Q, the change of voltage gain is the same as the analysis above. To increase the peak of voltage gain and expand the range of output voltage, k should be reduced as much as possible. However, if k is too small, the magnetizing current will increase when the input voltage is constant, which will make the loss of the resonant tank increase.
Therefore, both the gain curve and actual situation should be considered to decide k and Q. In general, LLC resonant converter is designed to operate in Region 2 and 3 because of ZVS operation.
Combined with the equivalent circuit model proposed in [24] and [25] , the equivalent circuit of the proposed LLC converter with two transformers considering secondary leakage inductance is built in Fig. 8 , L lkp1 and L lkp2 are the primary leakage inductance, L lks1 and L lks2 are the secondary leakage inductance. By assuming that
According to the equivalent circuit in Fig. 8 , the ac equivalent resistance can be obtained as follows,
The gain can be simplified as Where
According to (15) , the gain is fixed at resonant frequency, which is given as
As can be seen in (17), the gain at the resonant frequency is related to the magnetizing inductance, secondary leakage inductance and the turns ratio n. when n is too high, the gain will be greatly affected. For the transformer with high stepdown turns ratio, the secondary leakage inductance cannot be ignored, otherwise it will bring large error between the theoretical gain and the actual one. In this proposed converter, the turns ratio n is less than 1, so the influence of the secondary leakage inductance is weak to be ignored.
IV. DESIGN OF THE PROPOSED CONVERTER A. CHARGING PROFILE OF THE LI-ION BATTERY
The aim of the proposed LLC resonant converter is to charge a Li-ion battery pack from depletion voltage 320V to fully charging voltage 420V. The operating state of the converter varies with the voltage and current of the battery pack. Fig. 9 shows the charging profile of the Li-ion battery pack. There are four key operating points marked as A, B, C and D. The charging process with constant current(CC) 9.1A is from ''A Point'' to ''C Point'', and the charging process with constant voltage(CV) 420V is from ''C Point'' to ''D Point''. ''A Point'' indicates the start of charging, then the battery pack voltage rises rapidly to the nominal voltage 360V at ''B Point'', when the battery pack voltage reaches the maximum voltage 420V at ''C Point'', the charging process of CC turns into CV, and the CV charging process ends at ''D Point'' with the battery pack being fully charged.
B. PARAMETERS DESIGN OF THE PROPOSED LLC CONVERTER
In order to verify the theoretical analysis, the design specification of the proposed LLC converter is given in TABLE 1. V dc_nom and V o_nom denotes the rated input voltage and the rated output voltage respectively, turns ratio of transformers are defined as n 1 = n 2 = n, n can be calculated according to the following equation (18) .
where V f is the voltage drop on rectifier diode. The minimum dc voltage gain is determined by the maximum input voltage and the minimum output voltage.
The maximum dc voltage gain is determined by the input minimum voltage and the maximum output voltage. (20) k and Q can be selected by combining the voltage gain curve with calculation, k is selected to 10 in this design. If the 95% margin is selected, Q can be calculated as,
The ac equivalent resistance can be given as,
and L m2 are given as,
C. LOSS ANALYSIS OF THE PROPOSED LLC CONVERTER
The LLC converter can achieve ZVS turn-on for power switches and ZCS turn-off for rectifier diodes, so the power loss is mainly from conduction losses, driving losses and switching losses of four MOSFET, conduction losses of eight rectifier diodes, the copper losses and core losses of two transformers. The following table lists the calculations of the various parts of the loss [26] , [27] . 
V. SIMULATION AND EXPERIMENTAL RESULTS
A prototype with output voltage range 320-420V and maximum output power 3300W is designed. The rated input voltage V dc of the proposed converter from the AC/DC stage of on-board charger is 400V, the output voltage can be regulated from 320 to 420V, the output voltage at rated operating point is 360V, the resonance frequency f r is 110kHz. In actual design, the resonant inductance L r is the sum of leakage inductance of the two transformers, L r is measured to be 14.6 uH, the magnetic cores of transformer are EE55. The picture of the prototype of the proposed converter is given in Fig. 10 , the circuit component parameters are provided in Table. 3. Some theoretical simulation and experiment are carried out.
The simulation results of different working conditions are shown in Fig. 11-Fig. 14. v From Fig. 11 , it is easy to know that ZVS of power switches and ZCS of rectifier diodes have been realized at V o = 360V. Fig. 12 shows the simulation results of output voltage and current when the switching frequency f s equals to f r , the voltage was stabilized at 360V and the current was 9.1A finally. The simulation results of the converter operating at the minimum output voltage and the maximum output voltage are shown in Fig. 13 and Fig. 14 , ZVS of power switches were realized. Some experimental waveforms at V o = 360V, f s = f r are shown in Fig. 15-Fig. 17 . Fig. 15 shows the measured gate voltage waveform of MOSFETs S 1 , S 2 . As shown in Fig. 16 , it can be observed that the drain-source voltage of MOS-FET S 1 has been reduced to zero before the drive signal arrival, so switch S 1 was turned on at ZVS conduction. Fig.17 gives the measured voltage waveforms of rectifier diodes D 1 -D 4 , it shows that diodes achieved soft commutation without reverse recovery problem, so ZCS of these diodes has been realized. According to charging profile discussed in Section IV, voltage across resonant capacitor V Cr , resonant current i r and drain-source voltage of S 1 are shown in Fig. 18 when the converter operates at different operating points, it can be seen that the experimental results are the same as those of simulation. Fig. 19 gives the measured waveforms of the primary sides voltages of two transformers, it can be observed that two transformers connected in series at the primary side shared the input voltage equally.
The efficiency of the proposed LLC converter versus the LLC converter with single transformer at the same power is always greater than the LLC converter with single transformer, the maximum efficiency of the proposed converter is about 96.31% at V o = 420V. Besides, the volume of each core of two transformers is about 45% less than that of the single transformer at the same working condition and power rating, and the heat dissipation performance has been greatly improved. Therefore the LLC converter with two transformers is more beneficial in high-power onboard charger.
By comparing the above theoretical simulation results and experimental waveforms, it can be observed that ZVS-on of switches has realized when output voltage varies from 320V to 420V, and the steady-state input and output relations are basically consistent between theoretical and experimental results. It proved that the experiment results verify the effectiveness of the proposed converter based on the theoretical design.
VI. CONCLUSION
This paper presented a full-bridge LLC resonant converter with series-parallel connected transformers for electric vehicle on-board chargers. Two same transformers are seriesconnected at the primary side to obtain same primary current and parallel-connected at the secondary side to be provided with equal secondary voltage, so that the power can be automatically balanced between these two transformers. The structure of transformers series-parallel connected is more beneficial to reduce the size and losses of each core compared to conventional LLC converter with single transformer, which is of great help to improve the heat dissipation and efficiency. The working principle and steady-state analysis of the fullbridge LLC resonant converter with series-parallel connected transformers have been elaborated, then the design procedure and loss analysis were presented. The simulation and experimental results proved that the proposed LLC resonant converter has achieved ZVS-on for power switches, ZCSoff for rectifier diodes, wide output voltage range and high efficiency. Thus, the proposed converter can be employed in on-board charger applications. The future work will focus on the new topology of DC/DC converter with higher efficiency and higher power density for on-board charger.
